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The measured electric resistance of carbon nanotubes wrapped with DNA molecules depends
strongly on the spin of the injected electrons. Motivated by these experiments, we study the effect
of helix-shaped potentials on the electronic spectrum of carbon nanotubes. We find that in combi-
nation with the curvature-induced spin-orbit coupling inherent to nanotubes, such a perturbation
opens helicity-dependent gaps. Within these partial gaps, left-moving electrons carry a fixed spin-
projection that is reversed for right-moving electrons, and the probability of electrons to transfer
through the nanotube correlates with their helicity. We explain the origin of this effect and show
that it can alternatively be induced by twisting the nanotube. Our findings suggest that carbon
nanotubes hold great potential for implementing spin filters and may form an ideal platform to
study the physical properties of one-dimensional helical liquids.
Carbon nanotubes (CNTs), being rolled-up sheets of
two-dimensional graphene, inherit many of its remark-
able mechanical and electronic properties.1–3 Due to the
strong bonds between carbon atoms,4,5 the diameter of
CNTs can be as small as a few nanometers.6 Moreover,
high-quality CNTs with long electronic mean-free paths7
can be fabricated by standard techniques6,8,9 and are
thus readily available. Despite having been around for
several decades, they continue to inspire fundamental re-
search in low-dimensional physics as well as concrete ap-
plications in the context of nano electronics.7,10 A unique
aspect of CNTs is the enhancement of the extremely weak
spin-orbit coupling (SOC) of graphene due to orbital mix-
ing introduced by the curvature.11–16 This SOC has been
demonstrated to permit spin manipulation by electric
fields.14,17 Still, the spin-coherence length in these clean
systems is rather long.18 The combination of these two
features raises the prospect of using CNTs for spintronics
devices, and numerous ideas for such applications have
been proposed.19,20
A recent experiment21,22 found that CNTs wrapped
with DNA molecules perform as strong spin filters. In
particular, the current-voltage characteristics of wrapped
semiconducting CNTs exhibit a strong spin dependence
just above the gap. At low voltage and temperature,
spin-polarization of above 60% was measured. This ef-
fect becomes weaker as voltage and/or temperature in-
crease; the spin-dependent transport vanishes altogether
for temperatures above 40K. Similarly strong spin-
selective transport has also been observed in DNA as
well as numerous other chiral proteins in the absence of
CNTs (for a recent review see Ref. 23). There, spin fil-
tering persists over a large energy range and up to room
temperature when electrons pass through insulating or-
ganic molecules with well-defined helicity. Different ex-
planations of this phenomenon24–30 rely on a combination
of SOC and motion along curved trajectories dictated
by the helical structure of the molecules. The experi-
mental observation of spin-filtering in CNTs provides ac-
cess to this phenomenon from a better understood start-
ing point. In addition, it may allow to integrate such
nanoscopic spin-filters into solid-state devices and lead
to new spintronic applications. Regarding the latter, we
(a) (b) (c)
(d)
FIG. 1. Illustration of a zig-zag CNT in the absence (a) and
presence (b) of a DNA molecule. The curvature of the CNT in-
duces SOC that favors alignment of spins in the plane of the
cylinder. As explained in the text, alignment along the y′-
direction does not generate spin-filtering. We, therefore, focus
on the component parallel to x and use arrows to indicate the
favored spin-alignment for an electron hopping in the counter-
clockwise direction. Without a molecule, a closed trajectory
around the cylinder (corresponding to states of fixed angular
momentum) leads to cancellation of this type of SOC as illus-
trated in the top view (c). Such a cancellation is disrupted by
the DNA, (b) and (d). As a result, a net SOC remains, and
creates an effective magnetic field that spirals around the CNT
(denoted by red arrows). The sign of this magnetic field depends
on the angular momentum of the electron.
note that mixing CNTs and DNA molecules is commonly
used to separate CNTs and the wrapping occurs sponta-
neously in this process.31–33
In this work we analyze how the helix-shaped potential
created by a DNA molecule affects the electronic states
of CNTs. We show that in combination with the SOC in-
trinsic to CNTs, this potential gives rise to spin-filtering.
Depending on the handedness of the molecule, electronic
states of one helicity become gapped in several energy
windows. At these energies, transmission through the
CNT of electrons with one spin is strongly suppressed
compared to the other. The preferred spin changes when
the transport direction is switched, or the handedness
of the chiral potential reversed. The majority of previ-
ous theoretical studies of CNTs subject to chiral poten-
tials34,35 focused on the pseudospin degree of freedom,
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2rather than on the physical spin. Spin transport in such
systems has been investigated theoretically in Ref. 36,
where transmission through a conducting CNT wrapped
with DNA was studied. That work calculated the effect
of SOC induced by the molecule, and found that spin
filtering occurs near neutrality point. As we will show
later, a helicity-dependent gap does not open at zero en-
ergy, and thus, the spin-dependent transport reported in
Ref. 36 is not a result of bulk properties.
In the absence of SOC, the spectrum of a CNT is four-
fold degenerate and electronic states can be characterized
by their spin s and angular momentum ` parallel to the
cylinder axis. The latter corresponds semiclassically to
an electron encircling the CNT in the clockwise (` > 0)
or counter-clockwise (` < 0) direction. The curvature-
induced SOC has a contribution that favors alignment
of spin parallel to the electron trajectory around the
CNT,11,13 as illustrated in Fig. 1. This contribution av-
erages to zero over a full trajectory, and does not affect
the energy spectrum. (In addition, there is a contribu-
tion favoring alignment of the spin along `, which lifts the
four-fold degeneracy of the electronic spectrum, but does
not open a gap.14) This cancellation is destroyed when
the trajectory is perturbed locally, e.g., by the potential
created by the molecule. As a result, electrons experi-
ence an excess magnetic field tangential to the cylinder
at the points of perturbation. The sign of this effective
magnetic field is determined by the circulation direction,
corresponding to `, thus preserving time reversal sym-
metry. Its direction spirals around the CNT following
the helical wrapping of the DNA molecule. The effect
of such an effective magnetic field has been analyzed
in one-dimensional wires37 (and in the context of chi-
ral molecules27,30), where it has been shown to open a
gap for states of one helicity, depending on the rotation
direction of the field. This is because such a spiraling
magnetic field entangles the spin with both linear and
angular momenta.
Our fully quantum treatment of the electronic spec-
trum and spin-selective transport in DNA-wrapped
CNTs, which forms the bulk of this paper, is in complete
agreement with the semiclassical description. These re-
sults also follow directly from symmetry considerations:38
Rolled-up graphene sheets (chiral as well as achiral) are
invariant under pi-rotations around an axis perpendicu-
lar to yˆ′. This symmetry prohibits any couplings between
spin and momentum parallel to the cylinder axis, which
are required for helicity-dependent gaps. The external
chiral potential generated by the DNA molecule breaks
this pi-rotation invariance. Alternative routes to creating
a helical perturbations are by twisting CNTs as discussed
below, or by straining chiral CNTs to created unequal
hopping amplitudes along different bonds δi (see Fig. 2).
In fact, the latter occurs naturally in real chiral CNTs
where bond lengths are non-uniform, unlike the hypo-
thetical case of a rolled-up graphene sheet. However,
this is a weak effect and pi-rotation remains an approx-
imate symmetry. Consequently, helicity-dependent gaps
should be very small, and have not been observed so far.
For the rest of this paper, we therefore neglect this weak
effect (i.e., we assume equal bonds) and concentrate on
the spin-dependence induced by the wrapped molecule.
Furthermore, for specificity, we mostly restrict our dis-
cussion to zig-zag CNTs, which can be either metallic or
semiconducting.
I. MODEL
To study the effect of wrapping CNTs with DNA
molecules, we first introduce the Hamiltonian of a bare
CNT, H = H0 +HSOC. The term H0 describes hopping
on a honeycomb lattice, such as in graphene (see Fig. 2)
H0 =
∑
r,i,s
tiA
†
r+δi,s
Br,s + h.c. (1)
Here A†r,s (B
†
r,s) creates a spin-s electron in the pi (pz)
orbital on the A (B) sub-lattice; the vector r = (x, y) la-
bels unit cells as illustrated in Fig. 2. The single-orbital
Hamiltonian H0 captures the low-energy properties of
undoped CNTs whose chemical potential lies near the
center of the pi band. Additional bands that are com-
prised of σ (s, px and py) orbitals are found at energies
& 2eV away from the chemical potential. To transition
from a graphene sheet to a CNT, the former needs to be
rolled up, which amounts to imposing periodic boundary
conditions39 along the x′-axis (around the cylinder). It
is convenient to chose the spin quantization axis parallel
to the central axis of the CNT, i.e., along yˆ′. ti is the
hopping amplitude between nearest neighbors connected
by the vectors δi with δ1 = yˆa/
√
3, δ2 = xˆa/2 − yˆa/
√
3
and δ3 = −xˆa/2− yˆa/
√
3, cf. Fig. 2.
In graphene, SOC is negligible due to the combination
of a large energy difference between the pi and σ orbitals
and strictly zero hopping amplitude between them. The
curvature of CNTs allows hopping between pi and σ or-
bitals and gives rise to a significantly larger SOC.11,13
This curvature-induced SOC only affects hopping along
the curved direction, i.e., bonds with δi ·xˆ′ 6= 0, and takes
the form Hso = Hso1 + Hso2 . The first term modifies
the hopping amplitude depending on the spin projection
along the y′-axis11,13
Hso1 = Γ1
∑
r,i,s
s(δˆi · xˆ′)A†r+δi,sBr,s + h.c. (2)
Here Γ1 ≈ 0.02a∆ASOC/R where R is the CNT radius
and ∆ASOC ' 10meV is the atomic SOC of carbon.40
The second contribution to the SOC combines hopping
with a spin flip11,13
Hso2 =Γ2
∑
r,i,s
(δˆi · xˆ′)2(δˆi · yˆ′) (3)
×
[
e−is(θr+θr+δi )/2A†r+δi,sBr,−s + h.c.
]
,
3FIG. 2. (a) The lattice structure of graphene, which forms
a CNT when rolled-up. The vectors δi=1,2,3 connect nearest-
neighbor sites, as illustrated. The coordinate system (x, y)
is fixed to the lattice, while xˆ′ is the folding direction of the
CNT. For zig-zag CNTs xˆ′ = xˆ, for armchair xˆ′ = yˆ, and for a
generic chiral folding xˆ′ = Cˆh. The energy spectra of metallic,
N = 3, and semiconducting, N = 5, zig-zag CNTs according to
Eqs. (1-3) are plotted in panels (b) and (c), respectively. The
SOC weakly splits the bands but, crucially, does not open gaps.
Note that, in preparation for our subsequent introduction of
the molecule, we already plot the energy spectra in the reduced
(folded) Brillouin zone.
where Γ2 ≈ 2a∆ASOC/R. The position-dependent phase
e−is(θr+θr+δi )/2 reflects the fact that Hso2 favors spin
alignment tangential to the cylinder. The argument
θr = r · xˆ′/R is the angle of a vector tangent to the
cylinder at position r, as illustrated in Fig. 1. This term
averages to zero in the absence of a chiral potential and
does not affect the energy spectrum.
The DNA molecule wraps around the CNT due to in-
teractions between the pi orbitals of both systems (pi− pi
stacking). These interactions give rise to a stable CNT-
DNA hybrid with helical wrapping that is typically found
to be commensurate with the hexagonal lattice.31,32,41
There are two natural ways to encode the influence of the
molecule on the low-energy, single orbital Hamiltonian of
the CNT: (i) By modifying the hopping amplitudes. (ii)
By adding on-site potentials. Because of screening, in
both cases only sites directly underneath the molecule
are significantly affected. Here we adopt (i) for which
the hopping parameter in Eq. 1 and the SOC amplitudes
in Eqs. 2 and 3 become space dependent, ti → ti(r′)
and Γix,y → Γix,y(r′). This choice of implementing the
potential readily separates into spin-dependent and in-
dependent contributions. In appendix A we show that
(ii), which does not allow this kind of separation, results
in a similar electron spectrum and spin-dependent trans-
port. Both of these prescriptions to incorporate the effect
of the molecule take into account only the direct mod-
ifications of the lowest conduction band. In particular,
they do not involve changes to the hybridization between
pi and σ orbitals generated by the molecule; the position-
dependent SOC terms are caused by local changes to all
(b)(a)
(a)(a)
FIG. 3. The energy spectra of a metallic N = 3 CNT (a)
and a semiconducting N = 5 CNT (b), each wrapped by a
DNA molecule at angle ϕ = pi/6. The spin-projection along
the cylinder axis is indicated by blue (positive), red (negative)
or purple (no net projection). The zoom-ins around the gaps
clearly show the well-defined helicity of the remaining states.
We note that for the metallic CNT, no gap occurs at zero
energy.
hopping amplitude, independent of spin. Including such
a molecule-induced hybridization would result in an ad-
ditional SOC contribution of the Rashba-type.13,36 As
we argue below and show explicitly in appendix B, this
additional term does not qualitatively affects our results.
II. ENERGY SPECTRUM
To understand the effect of the molecule on the
electron spin, we analyze the position-dependent SOC,
Γi1,2(r), while keeping a uniform hopping parame-
ter ti in Eq. 1. In the absence of SOC, the en-
ergy spectrum of the CNT described by H0 is E =
±
√
1 + 4 cos(kxa/2) cos(
√
3kya/2) + 4 cos2(kxa/2). For
specificity, we assume a zig-zag CNT for which the
x and x′ axes coincide, and the periodic bound-
ary conditions take the form kx = 2pi`/Na, where
` = 1, 2, . . . , 2N and Na is the CNT circumference.
The SOC terms in momentum space read Hso1,so2 =
hs,s
′
so1,so2(`, `
′; ky, k′y)A
†
`,ky,s
B`′,k′y,s′ + h.c (repeated indices
are summed over), where
hso1∝sei
kya
2
√
3 sin
[
pi`
N
]
δky,k′yδs,s′ (δ`,`′ + δ2N−`,`′) , (4)
hso2∝ei
kya
2
√
3 cos
[
pi(2`+ s)
2N
]
δky,k′yδ−s,s′
× (δ`+s,`′ + δ2N−`+s,`′) .
The first term, hso1 , is diagonal in spin and momentum
and thus results in a trivial energy shift. In contrast, hso2
contains off-diagonal terms which mix different spins and
different x-momenta (`) and can in principle open gaps.
To examine whether the SOC indeed opens gaps, it
is convenient to express Hso in the eigenbasis of H0,
i.e., ψη`,ky,s, where η = ± denotes positive and nega-
tive energy states. Since hso2 intertwines the spin di-
rection with the angular momenta n and n′, the Hamil-
tonian couples the (`, ↑) and (` + 1, ↓) states but not
4FIG. 4. Spin-selective electron transmission through a
metallic N = 6 CNT wrapped with a right- or a left-
handed molecule, ϕ = ±pi/6. The spin polarization P =
(T↑ − T↓) / (T↑ + T↓) is computed from the transmission prob-
abilities Ts for electrons of spin s. It is substantial at energies
where the partial gap opens (shown on the sides). The two
cases, a right- and a left-handed molecule, exhibit spin polar-
ization with equal magnitude but opposite sign.
(`, ↓) and (` + 1, ↑). [The same holds for the cou-
pling between (`, ↑) and (2N − ` + 1, ↓).] Therefore,
if a gap was to open for the former two, the remain-
ing states would be helical. In the absence of SOC, the
bands with quantum numbers (`, ↑) and (`′, ↓) cross at
ky = k0, with cos[
√
3k0/2] = cos[pi`/N ] + cos[pi`
′/N ].
Setting ky = k0 + q and expanding the 2 × 2 Hamilto-
nian H0+Hso = Ψ†`,`′,η(q)hη`,`′(q)Ψ`,`′,η(q)δky,k′y (δ`′,`+1+
δ`′,2N−`+1) to leading order in q, we find
hη`,`′(q)≈
[
E0−v1q+F`,`′(q) G`,`′(q)
G∗`,`′(q) E0+v2q+F`,`′(q)
]
. (5)
Here, E0 is the energy at the crossing point, v1,2 =√
3t2
[
2 tan(pi/2N) sin2(
√
3k0/2)± sin(
√
3k0)
]
/4E0, and
ΨT`,`′,η(q) = [ψ
η
`,k0+q,↑, ψ
η
`′,k0+q,↓]. Crucially, the
off-diagonal term G`,`′(q) = O(q) vanishes at the
band crossing. The diagonal term F`,`′(q) =
tan(pi/2N) sin[
√
3k0/2] + O(q) merely shifts the energy.
This zero reflects the fact that upon averaging over the
circumference of the CNT, the effect of Hso2 disappears.
Moreover, since the SOC mixes states with different an-
gular momenta it cannot open a gap at the neutrality
point where ψ+`,ky,s and ψ
−
`,ky,s
cross. From the above
derivation it follows that the SOC term alone cannot
open a gap (see also Fig. 2 for the spectra of two zig-
zag CNTs with Γ1 = 3 · 10−4t/N and Γ2 = 3 · 10−2t/N).
This result equally applies for chiral CNTs, where the pe-
riodic boundary condition in the x′-direction results in a
modified quantization condition for a linear combination
of kx and ky. Still, the SOC only couples ψ
+
`,k′y,↑ with
ψ+`+1,k′y,↓, where k
′
y is orthogonal to k
′
x.
We now turn to analyze the effects of a DNA molecule.
(a) (b)
FIG. 5. Spin-dependent transmission through clean (a) and
weakly disordered (b) semiconducting N = 11 CNTs of length
154a/
√
3 wrapped with DNA at ϕ = pi/6. The transmission
is significant only above the semiconducting gap ≈ 0.17t. In
both cases, transmission of s = ↓ electrons is strongly sup-
pressed compared to s = ↑ at energies within the partial
gap. In the clean case (a) the spin polarization diminishes
at below ≈ 0.18t. In contrast, in the weakly disordered case
(b) significant spin polarization persists to the lowest energies
above the band gap.
The SOC terms acquire additional contributions that are
non-zero only along lines defined by y = (x+Nam) tanϕ
where m ∈ Z, and the wrapping angle ϕ ∈ [−pi/2, pi/2] is
positive (negative) for right (left) handed molecules. As
a result, the SOC terms in Eq. 4 are no longer diagonal
in the momentum along the y-direction. For example,
taking the wrapping angle to be ϕ = pi/6, the additional
contributions to the SOC are
δhso1 ∝ sei
kya
2
√
3 sin
[
pi`
N
]
δky+Q(`−`′),k′yδs,s′ , (6)
δhso2 ∝ ei
kya
2
√
3 cos
[
pi(2`+ s)
2N
]
δky+Q(`+s−`′),k′yδ−s,s′ ,
where Q(x) = 2pix/
√
3Na. The broken translation sym-
metry suggest using a reduced Brillouin zone, with bands
labeled by n in addition to `, s and the reduced momen-
tum kredy where ky = k
red
y +Q(n). Bands that cross in the
reduced Brillouin zone couple when satisfying the delta-
function involving Q in Eq. 6. Thus, as before, the states
(`, ↑) and (`+1−n, ↓) mix but not (`, ↓) and (`+1−n, ↑).
The 2 × 2 Hamiltonian in the vicinity of these energies
is H = Ψ†`,`′,η(q)hη`,`′(q)Ψ`,`′,η(q)δky−Q(n),k′yδ`′,`+s−n,
where hη`,`′(q) has the same structure as in Eq. 5. The
main differences between this Hamiltonian and the case
without a molecule (discussed above) is in the definition
of the states ΨT`,`′,η = [ψ
η
`,k0+q,↑, ψ
η
`′,k0+q−Q(`+s−`′),↓] and
G`,`′(q → 0) 6= 0.
The spectrum of the full Hamiltonian, Eqs. 1-3, in
the presence of the molecule (encoded in the position-
dependent SOC) is presented in Fig. 3. There we show
the energy spectra for metallic (N = 3) and semicon-
ducting (N = 5) zig-zag CNTs wrapped with a DNA
molecule at ϕ = pi/6. The couplings are taken to be Γ1 =
3·10−4t/N and Γ2 = 3·10−2t/N on all sites unaffected by
the molecule (corresponding to ∆ASOC ≈ 5 · 10−3t). On
sites underneath the molecule, we took these parameters
to be larger by a factor of 10. The relevant parame-
ters for experimental systems are discussed below. The
5opening of helicity-dependent gaps of size 0.03t (metallic)
and 0.01t (semiconducting) is clearly visible in Fig. 3—
for comparison, see Fig. 2 for the spectra in the absence
of DNA molecules. Within the energies of the partial
gap, only states of one helicity remain. We note that no
helicity-dependent gaps open near the neutrality point of
the metallic CNT.
III. SPIN DEPENDENT TRANSMISSION
To study the spin-filtering properties of CNTs wrapped
with DNA, we numerically calculate the transmission
probability per spin, Ts, as a function of energy. For
this purpose, we assume the molecule wraps only a seg-
ment of the CNT, and let the uncovered parts acts as
electrodes. In Fig. 4 we show the spin-polarization,
P = (T↑ − T↓)/(T↑ + T↓), for electron transport through
a metallic CNT (N = 6) as a function of energy. A clear
window with spin polarization of more than 90% occurs
at the energies where helicity dependent gaps open. For
the transport calculation, we took large SOC parame-
ters, Γ1 = 10
−3t and Γ2 = 10−1t on sites directly be-
low the molecule and 10 times smaller elsewhere. This
choice of parameters allowed us to perform our simu-
lation on relatively short molecules. This is because
the spin polarization increases exponentially with length,
P ∼ Pmax − e−r/ξ, where ξ is inversely proportional to
the partial gap (for the full length dependence see Ap-
pendix C).
For metallic CNTs, the first partial gap opens at a
relatively high energy. In the experiment,21,22 in con-
trast, semiconducting CNTs have been measured and the
largest spin polarization was observed at the lowest volt-
age where current flows. The spectrum of a represen-
tative semiconducting CNT shows a helicity-dependent
gap opening not far from the bottom of the conduction
band, see Fig. 3. Consequently, a clean semiconducting
CNT does not exhibit significant spin filter at the lowest
energies within our model. However, the band below the
partial gap is relatively narrow and is thus expected to
easily localize in the presence of disorder. To test this,
we calculated the transmission of such a CNT with a
realistic circumference (N = 11) and weak chemical po-
tential disorder δµ ∈ [−0.05t, 0.05t]. The spin-dependent
transmissions in the clean and weakly disordered cases
are shown in Fig. 5. The presented data is obtained by
averaging Ts over 25 realizations, and only small sam-
ple variations were observed. We find that, unlike the
clean case, the disordered one exhibits significant spin-
polarization at the lowest energies, similar to the exper-
imental findings.
Our discussion so far has focused on the effect of the
molecule within a low-energy single-orbital model. Al-
lowing for hybridization of pi and σ orbitals induced
by the molecule potential gives rise to a Rashba-type
SOC.13,36 The effect of such a SOC, on spin transport of
metallic CNTs wrapped with DNA molecules has been
(a) (b)
FIG. 6. (a) Twisted CNTs can be viewed as rolled-up sheets
of distorted graphene. Specifically, we tilt the vector δ1 by an
angle ϕ ≈ pi/5, while δ2,3 are unchanged. The corresponding
spectrum for a metallic N = 6 CNT with Γ1 = 2 · 10−1t and
Γ2 = 2 · 10−3t on all sites is plotted in (b) with a zoom-in on
the helicity-dependent gap in the inset.
analyzed in Ref. 36. There, spin filtering has been found
near the neutrality point. As we explicitly show in ap-
pendix B, replacing the curvature induced SOC with the
Rashba type gives qualitatively the same result as in our
earlier discussion. This is not surprising since the only
difference between the Rashba SOC and Eqs. 2-3 is that
the former does not vanish for hopping parallel to the
cylinder axis (y′-direction). These additional contribu-
tions, however, do not intertwine the spin and angular
momentum. In other words, although they include spin
flips their effect is closer to hso1 than to hso2 . Conse-
quently, the Rashba SOC does not open any new helicity-
dependent gaps, and does not give rise to further spin
filtering on top of the one discussed above.
IV. CONNECTION TO EXPERIMENT
The above theoretical analysis suggests that the spin-
selective transport measured in Refs. 21 and 22 results
from the partial gaps that open due to the combined
effects of the curvature-induced SOC and of the DNA
molecule. To estimate the size of these helicity-dependent
gaps within our model, knowledge of the effective SOC
parameters underneath the molecule is required. As
shown in appendix A, the effective SOC is not solely
determined by the direct change in Γ1,2(r); it also in-
corporates the electrostatic potential generated by the
molecule, as well as the modified hopping amplitudes.
Precise values of the parameters can only be determined
via ab-initio calculations, but a rough estimate can be ob-
tained as follows. The potential on the carbon sites due
to the molecule was found41 to be around 0.1eV . In ap-
pendix A we show that the size of the partial gap induced
by a helical potential of strength 0.5t is equivalent to the
one due to SOC with Γ2 = 3 · 10−1t/N underneath the
molecule. For graphene, t ≈ 2.7eV , which yields gaps
of size 1meV − 10meV in CNTs with radius of a few
nanometers. This is consistent with the characteristic
energy scale extracted from the observed temperature de-
pendence of spin-polarization in transport, which is sub-
6stantial up to 40K. The voltage-dependence of the spin-
selective transport is more complicated, and its analysis
likely requires including electron-electron interactions.
V. TWIST-INDUCED SPIN SELECTIVITY
Our analysis of CNTs wrapped with DNA molecules
suggests that any spiral perturbation will lead to simi-
lar modifications of the spectrum and give rise to spin-
dependent transport. An alternative way would be twist-
ing the CNT. For a zig-zag CNT this can be encoded by
rotating the δ1 bond by an angle ϕ (see Fig. 6), i.e.,
the lattice coordinates become (x, y) → (x + y sinϕ, y)
while the basis vector δ2 remains unaltered. Such a twist
modifies the spin-independent hopping t1 as well as the
SOC. To focus on spin-related phenomena, we neglect
the change in t1 and analyze the SOC given by Eqs. 2
and 3. The twist renders the angle θr = x + y sinϕ in
Hso2 spatially non-uniform (in both directions), and re-
sults in non-zero SOC terms on all bonds. In momentum
space Hso1,so2 = hs,s
′
so1,so2(`, `
′; ky, k′y)A
†
`,ky,s
B`′,k′y,s′+h.c.,
with
hso1 ∝ s(δˆi · xˆ)e−ik·δiδky,k′yδs,s′ (δ`,`′ + δ2N−`,`′) , (7)
and
hso2 ∝ (δˆi · xˆ)2(δˆi · yˆ)e−ik·δi−ipis(δˆi·xˆ)/Nδ−s,s′ (8)
× δky+Q˜(`+s−`′),k′y (δ`+s,`′ + δ2N−`+s,`′) ,
where Q˜(x) = 2pix sinϕ/Na. The outcome of such
SOC terms can be analyzed analogously to Eq. 6.
Specifically, the 2 × 2 Hamiltonian near these cross-
ing points is H = Ψ†`,`′,ηhη`,`′Ψ`,`′,ηδky−Q˜(n),k′y (δ`′,`+s +
δ`′,2N−`+s). Here, h
η
`,`′(q) is given by Eq. 5, and Ψ
T
`,`′,η =
[ψη`,k0+q,↑, ψ
η
`′,k0+q−Q˜(`+s−`′),↓]. For small twist angles,
ϕ  1, the crossing points shift by δk0 ∝ 2pi(` + s −
`′)ϕ/Na compared to their position in a bare CNT.
There, we saw that G`,`′(q) vanished at the crossings.
This is no longer the case once these points are shifted,
and G`,`′(q) ∝ Γ2ϕ. Consequently, partial gaps open as
shown in Fig. 6. There, a helicity-dependent gap of size
0.03t arises for metallic CNT with N = 6, Γ1 = 2 ·10−3t,
Γ2 = 2 · 10−1t and ϕ = sin−1(1/
√
3) ≈ pi/5. Twisted
CNTs with angles up to pi/18 are routinely created in
experiments42, and it would be interesting to look for
spin-dependent transport in these systems. For CNTs
with R ≈ 1nm and ∆ASOC ≈ 10meV such a twist would
result in partial gaps of order 100µeV .
VI. CONCLUSION
We have shown that helicity-dependent gaps can be
created in CNTs via helix-shaped potentials or through
creating a (mechanical) twist. Within these partial gaps,
all bulk states of left-moving electrons carry a fixed spin-
projection which is reversed for right-moving electrons.
As a result, transport through such CNTs is highly spin-
dependent. For the case of DNA-wrapped CNTs, a re-
cent experiment has indeed found that the resistance
strongly depends of the spin of injected electrons. This
paves a clear path towards CNT-based spin valves and
filters without magnetic field.43 Our results also sug-
gest that CNTs are a natural platform to study var-
ious exciting phenomena that have been predicted to
arise in one-dimensional helical systems. For example, by
coupling a DNA-wrapped (or twisted) CNT to a quan-
tum dot, one could probe the Kondo effect in a heli-
cal liquid.44,45 Another very interesting setup would be
Josephson junctions, formed by coupling CNTs to super-
conducting leads. Here, unconventional Andreev bound
states are expected to occur which can strongly mod-
ify the transport properties compared to a conventional
junction.
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Appendix A: Alternative models
In the main text, we incorporated the molecule into the
CNT Hamiltonian of Eqs. (1-3) by adding a spatial mod-
ulation to both spin-independent and spin-dependent
hopping amplitudes. In that model, the dominant spin-
dependent effects could be isolated by studying only the
latter contribution, as we showed in the main text. An
alternative approach is to introduce a spatially vary-
ing potential, δH = U∑r,s [A†r,sAr,s +B†r,sBr,s], where
Ur 6= 0 is non-zero only for sites directly below the
molecule. In Fig. 7 we compare the electronic spec-
tra of these different models for a metallic zig-zag CNT
with N = 3. We find that any of the implementa-
tions of the molecule, via a potential [panel (a)], through
spin-dependent hopping [panel (b)] or through the spin-
independent hopping [panel (c)] lead to similar gaps. The
same holds for a combination of the latter two [panel (d)].
While the opening of helicity-dependent gaps is common
(d) (d)(a)
(b) (d)
(a)(a)
(c)
(a)
a)
(a)
(a)
FIG. 7. Energy spectra of a metallic N = 3 CNT for dif-
ferent models of implementing a DNA molecule wrapped at
angle ϕ = pi/6. The effect of the DNA is incorporated by
adding to the bare Hamiltonian (Eqs. 1-3, with Γ1 = 10
−4t
and Γ1 = 10
−2t) different spatially-modulated terms on sites
directly below the molecule. In (a) we added a potential with
U = 0.5t underneath the molecule and U = 0 otherwise. In
(b) we modified the atomic SOC entering Eqs. 2 and 3 by tak-
ing Γ1,2 → 10Γ1,2 underneath the molecule. In (c) the spin-
independent hopping amplitudes are taken to be t→ 1.5t un-
derneath the molecule. Panel (d) combines the modifications
described in (b) and (c). In all four cases, helicity-dependent
gaps of similar magnitude open at equal momenta and ener-
gies.
8to all of these, the details of the band structure may
differ. In panels (b), the bands feature a two-fold degen-
eracy that is lifted in (a), (c) and (d). We note, however,
that this non-universal property is spin independent and
consequently does not affect spin filtering.
Appendix B: Comparison between spatially
modulated and Rashba SOC
The model analyzed in the main text included only
the pi orbitals, and neglected hybridization with the σ
orbitals due to the molecular potential. Allowing for such
a mixing gives rise to a Rashba SOC13,36
HRashba =
∑
r,i,s
Λ(r)
[
s(δˆi · xˆ)A†r+δi,sBr,s (B1)
+(δˆi · yˆ)e−is(θr+θr+δi )/2A†r+δi,sBr,−s + h.c
]
,
where Λ(r) is non-zero only on sites directly below the
molecule. The structure of this SOC resembles the
curvature-induced one in Eqs. 2 and 3; the main dif-
ference lies in the parameters (δˆi · xˆ) and (δˆi · yˆ), which
are independent of the curvature. Unsurprisingly, adding
Eq. B1 to the bare graphene Hamiltonian of Eq. 1 leads
to helicity-dependent gaps in the energy spectrum, as il-
lustrated in Fig. 8.
Appendix C: Length-dependence of spin filtering
The energy range over which spin polarization is sig-
nificant is comparable to the magnitude of the partial
gap, provided a sufficiently long segment of the CNT is
wrapped with DNA.The distance where spin-polarization
saturates is determined by ξ = 2v/∆, where ∆ is the size
of the partial gap and v is the velocity of the unperturbed
(a) (b)
FIG. 8. Comparison between the energy spectra of metal-
lic N = 3 CNTs wrapped by a DNA molecule (ϕ = pi/6)
in the presence of two types of spatial modulated SOC: (a)
Rashba and (b) curvature-induced. In (a) we perturb the
bare graphene Hamiltonian, Eq. 1, with the Rashba term
of Eq. B1 (we set Λ = 10−2t). To facilitate comparison
with the curvature-induced SOC we re-plot the correspond-
ing spectrum of Fig. 3 in (b). As anticipated, both mech-
anisms give rise to similar spectra; in particular, both open
helicity-dependent gaps at the same energies and momenta.
(ungapped) modes at these energies. In Fig. 9 we show
the spin-polarization as a function of energy and length
for a semiconducting N = 5 CNT. From its energy spec-
trum (Figs. 2 and 3), we extract the magnitude of the
partial gap ∆ ≈ 0.02t and the velocity v ≈ 0.5ta. The
resulting saturation length is ξ ≈ 50a = 20nm, which is
in agreement with our numerical result shown in Fig. 9.
Energy[t] Length
[nm]
00.2
0.40.6
0.81.0
FIG. 9. Spin-polarization as a function of length for elec-
trons transmitted through a semiconducting N = 5 CNT
wrapped by a right-handed DNA molecule (ϕ = pi/6). The
spin-polarization saturates when the length exceeds ≈ 20nm,
consistent with the estimate provided in the text.
